The authors have nothing to disclosure. Objective: This study aims to investigate the proteome and secretome of in vitro decidualized ESCs.
INTRODUCTION
Decidualization of human endometrial stromal cells (ESCs) is essential for coordinated trophoblast invasion and placenta formation since its defect predisposes to related pregnancy complications, including miscarriage, preeclampsia, fetal growth restriction and preterm labor.
Unlike rodents, the decidual reaction in humans is a conceptus-independent process. It comprises morphogenic, biochemical and vascular modifications initiated by the presence of progesterone (P) after proper estrogen (E2) priming (1) . Morphologically, it is characterized by elongated fibroblast-like ESCs transformed into enlarged round cells with specific ultrastructural modifications, accompanied by the secretion of specific markers such as prolactin (PRL) and the insulin-like growth factor binding protein-1 (IGFBP-1) (2), plus extracellular matrices such as laminin, type IV collagen, fibronectin and heparin sulphate proteoglycan as part of their differentiation program (3, 4, 5) . The onset of this process in the ESCs surrounding the terminal spiral arteries marks the end of the window of receptivity, where embryo adhesion to the endometrial epithelium can occur.
The majority of our knowledge of the regulation and mechanisms of human decidualization has been generated from in vitro model systems. The exposure of primary ESC cultures to P for 7-9 days, alone or in combination with E2, triggers the expression of decidual markers (6, 7, 8) . This response is mediated by a gradual increase in intracellular cAMP levels and is abrogated in the presence of PKA inhibitors. The addition of dibutyryl cAMP (dbcAMP) leads to the in vitro decidualization of ESCs, which is used as a non hormonal decidualization stimulus (9, 10) .
Microarray studies of decidualized ESCs have demonstrated a striking deregulation of genes associated with the extracellular matrix and tissue integrity, which suggests that these changes are prominent features (11, 12) . Gene expression is only one dimension of the complex regulatory network that allows cells to respond to intracellular and extracellular signals. An initial attempt to use proteomic technologies to understand in vitro decidualization was published by Han et al. (13) , and was based on surface-enhanced laser desertion/ionization time-of-flight mass spectrometry (SELDI-TOF-MS). Six
SUBJECTS AND METHODS

Subjects
This project received institutional review board approval by the Ethics Committee of IU-IVI (Valencia, Spain). Endometrial samples were acquired for research after obtaining a written consent from patients. A total of 16 human endometrial biopsies were collected on the day of oocyte retrieval from healthy ovum donors aged between 18 and 32. They were obtained with a pipelle catheter (Genetics, Belgium) under sterile conditions, processed and the stromal compartment was separated.
In vitro decidualization was induced by culturing ESCs in media containing progesterone and 17β-estradiol for 12 days. Decidualization was confirmed morphologically and by IGFBP-1 and PRL levels. For the proteomic study, 11 sets of samples (control vs. decidualized cells) were analyzed by fluorescence difference in-gel electrophoresis (2D-DIGE) and matrix-assisted laser desorption/ionization-mass spectrometry (MALDI-MS) technology. The partial secretomic analysis was performed with 7 of these 11 sets of samples using a human protein cytokine array. The number of samples analyzed by secretomic was based on the balance between proper n number that assure credibility and financial constrains. Validations of the results were performed by Western blot and ELISA with 4 sets of samples used in DIGE and the protein arrays analysis, and with the 5 sets outside the sample cohort. An extensive bioinformatics analysis was performed to integrate the proteome and secretome profiles together with the genomic information present in public databases.
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in parallel over 12 days without hormonal treatment. The conditioned media from four wells were collected and pooled every 3 days, and cells were collected on day 9 of culture. The conditioned media was analyzed by ELISA for IGFBP-1 (Raybiotech) and PRL (Abbott Axsym System) levels.
Proteomic analysis
Proteins were extracted from decidual and control cells directly in lysis buffer (7 M urea 
Western blot
Proteins (80 µg) from the decidual and control cells were separated by discontinuous electrophoresis (stacking gel 4% polyacrylamide and resolving gel 12% polyacrylamide) for 1 h at 180
V. Later, proteins were transferred onto the polyvinylidene fluoride (PVDF) membrane by wet electroblotting using the tris/glycine transfer buffer (Biorad) for 4 h at 4ºC with shaking. PVDF membranes were blocked in PBS and 5% dry non-fat milk at room temperature for 1 h. Immunoblotting was performed with primary antibodies; 2.5 μg /ml mouse monoclonal transgelin, 2 μg/ml mouse monoclonal alpha actinin, 2 μg /ml mouse monoclonal transglutaminase 2 and 0.25 μg/ml mouse 
Secretomic analysis
The conditioned media obtained from 7 sets of decidual and control cells collected on day 9 were compared using the Human Cytokine Antibody Array G Series 2000 (Raybiotech). Arrays contained 174
human cytokines which could be simultaneously compared in a single experiment between two given conditions (19, 20). Antibody array slides were blocked for 30 min at room temperature prior to media incubation. Briefly, the decidual and control conditioned media (100 µL each) and the media without cells (DMEN/F12 with 2% SBF) (100 µL) were incubated in three different membranes (arrays VI, VII and VIII) for 2 h at room temperature. After sample incubation and washing, a diluted biotin-conjugated anti-cytokine primary antibody was applied to each membrane for 2 h at room temperature. After washing, diluted fluorescent dye-conjugated streptavidin was added to the membranes for 2 h at room temperature in the dark. Slides were washed and water droplets were removed by centrifuging at 1000 rpm for 3 min. Then slides were left to dry completely in air for at least 20 min. Arrays were scanned in an Axon 4100A scanner (Molecular Devices, Sunnyvale, CA, USA) and data were extracted with the GenePix Pro 6.0 software (Molecular Devices).
The GenePix Pro 6.0 software was used for the array image analysis and to calculate spot intensity measurements which were considered raw data. Spot intensities (medians) with background subtraction were transformed to the log2 scale. Before quantile normalization, data were represented in a box plot to know the data distribution and subtract abnormal microarray data. Replicates per protein symbol were merged.
The R-statistical software system was used as a tool for these purposes and the downstream analysis. The protein expression profile was determined by comparing decidual and control conditioned media with parametric and nonparametric tests, and two criteria were used to define those proteins with altered abundance among the different sample sets: an absolute fold change of 1.5 or more, and a corresponding p-value lower than 0.05.
ELISA analysis
The conditioned media from both decidual and control cells were evaluated in duplicate using the commercial ELISA kit for MPIF-1, IL-6 and MCP-3 (Raybiotech) and IL1R-II (Hycult biotech). Sample values (pg/mL) were determined using the standard curve.
Statistical analysis
ELISA analysis data and levels of prolactin and IGFBP-1 secretions were processed for statistical evaluation. Quantitative data are presented as mean ± SD. A nonparametric Mann-Whitney U-test was done to compare the average ratios for each molecule (ng/mL) between decidual and control samples.
Statistical significance was defined as a P-value of <0.05.
Bioinformatics analysis of the results
A bioinformatics analysis pipeline was developed to integrate the proteome and secretome profiles together with the information present in public databases and data repositories.
An interaction network between those proteins, detected as being differentially regulated both intra-and extracellularly, was created using the Snow application (http://snow.bioinfo.cipf.es) (21) present in the functional analysis suite, Babelomics (http://www.babelomics.org) (22). Although the progesterone and estradiol receptors (PGR, ESR1 and ESR2) were not detected as being differentially expressed, they were also included in the set of interacting proteins as they represent the primary entrance for the hormonal signals that trigger decidualization. To construct the interaction network, the curated human interaction database available at Snow was used, which includes the physical proteinprotein interactions detected by at least two different experimental methods, and the incorporation of one connecting protein (not present in the experimental data) was allowed. This decidualization interactome defined as the network of proteins identified from the interaction between proteome and secretome, was further completed by including the information available on the transcription factors (TFs) regulating the expression of the coding genes for all the proteins in the network. Transcription factor data were obtained from the Jaspar database (23), which is included in Babelomics. Additionally, the gene expression information of the decidualization process (14) was collected and crossed with the proteomic data to identify the gene whose differential expression was observed at both the gene expression and protein levels. All the proteins in the resulting network were manually reviewed and classified into 19 different functional categories that best described the diversity of the functions in our dataset. Finally, the network was visualized using the Cytoscape software (24) .
RESULTS and DISCUSSION
After 9 days of culture, bona fide in vitro decidualized ESCs were identified by the appearance of a rounded decidual phenotype (Fig. 1A&1B ) with a significant increase of IGFBP-1 (98.38±48.07ng/ml) and PRL (60.27±23.71ng/ml) (Fig. 1C&1D) . Only those decidualized vs. control
ESCs pairs (n=16) with a significant increase (P<0.005) in PRL and IGFBP-1 were used for further analyses.
Proteomic analysis of decidualized ESC and validation by Western blot
Over 2,500 spots were detected across the pI range (3-11 NL) with the DIA module (DeCyder   TM   ) . The differentially expressed proteins were excised and identified by MALDI peptide mass fingerprinting and/or peptide fragmentation using the Mascot search engine ( Fig. 2A) . A list of 60 proteins was identified with significantly different abundance between decidualized and controls ESCs:
36 up-and 24 were down-regulated (Table 1) . Among the identified spots, proteins related with the cytoskeleton (alpha-actinin, gelsolin and keratin 7), redox homeostasis (superoxide dismutase and peroxiredoxin 4), metabolism (triosephosphate isomerase 1 and monoglyceride lipase), and protein folding/degradation (cathepsin B and protein disulfide isomerase) were found. In some cases, the same protein was identified in two different spots (e.g., caldesmon spots 13 and 14), suggesting the occurrence of posttranslational modifications. In addition, two different co-migrating proteins were identified in one spot (e.g., spot 2, proteins disulfide-isomerase and ribonuclease inhibitor). 
Secretomic analysis of decidualized ESCs and validation by ELISA
The decidual and control-conditioned media (n=7) collected on day 9 of culture were comparatively analyzed using a protein array (Supplementary Fig. 1 ). Table 2 ELISA validation was performed for two overexpressed (PECAM, MPIF-1) and two underexpressed (IL-6 and MCP-3) secreted proteins. ELISA experiment was performed in 4 sets of decidualized vs. control-conditioned media collected on day 9, which had already been used in the secretome study, thus demonstrating a similar regulation to the array experiment (Fig. 3A) . As expected, MPIF-1 and ILR1-RI were significantly up-regulated and MCP-3 and IL-6 significantly reduced in the decidualized compared to the ESC control media. We also analyzed the 5 additional ESC decidualized vs. control-conditioned media obtained outside the array cohort, thus corroborating the results reported by the array (Fig. 3B) . The results were evaluated with a Mann-Whitney U-test and demonstrate statistically significant differences.
Modeling the decidualization interactome
A total of 47 and 18 unique intracellular and extracellular proteins, respectively, were identified as being differentially expressed by our proteomic analysis. Of these 65 proteins, 44 were joined by the Snow software into a highly interconnected network where one additional protein between each protein pair was allowed. This network contained a total of 132 proteins (44 native and 88 added by the Snow software) and 378 interactions (Fig. 4) (Supplementary Table I ). A total of 33 transcriptor factors (TFs)
were found to regulate the expression of the 65 proteins and were also included in the net. Interestingly, 5 of these TFs (GATA2, GATA3, SOX10, SPIB, TFAP2A) were classified as "specifiers" by the Fantom database (25) , which implies that these TFs are expressed in a tissue-specific fashion, where 6
TFs (USF1, ARID3A, ETS1, BRCA1, NFIC, YY1) were "facilitators", or broadly expressed regulators.
By crossing the proteomic data with the set of 734 differentially expressed genes with our proteomic data, were identified 15 genes differentially expressed at both mRNA expression and protein level.
These genes include native proteins (Caldesmon 1, actinin alpha 4, transgelin, calponin), transcription factors (NR4A, BRCA1) and additional nodes (IGFBP1, laminin A/C, vimentin, vinculin, cyclindependent kinase 1, serpin peptidase inhibitor E).
Functional annotation of the identified decidualization components reveals a number of interesting aspects in the biology of this process. First, a large proportion of the intracellular regulated proteins related to cytoskeleton organization, extracellular matrix composition and the connection between the two cellular architectural complexes. Initiation of decidualization was accompanied by a significant up-regulation of actin (beta and gamma actins), while a disruption of the actin filaments altered the decidualization course (26) . It has been recently demonstrated that destabilization of the cytoskeleton accelerates decidualization, whereas increased phosphorylation of the myosin light chain prevents decidualization (27) . Given the importance of cytoskeletal restructuring during decidualization, it is not altogether surprising that 28% of the proteins found actually relate to the cytoskeleton and are regulated during decidualization. Transgelin, also known as smooth muscle protein 22 (SM22) (28), has not been described before in human decidualization and is, therefore, a novel intracellular biomarker. Decidual cells are a source of growth factors and cytokines that support/control trophoblast invasion (29, 30) . A total of 13 differentially secreted proteins were found (11 up-and 2 down-regulated).
Among the most regulated well recognized markers, IGFBP-1 (6.51-fold increase) and PRL (2.44-fold increase) were present, along with a novel one, MPIF-1 (7.02-fold increase). This molecule also known as CCL23, shows chemotactic activity for monocytes, resting T-lymphocytes and neutrophils, but not for activated lymphocytes. This chemokine participates in cell-cell signaling, chemotaxis, immune and inflammatory responses (31) . Human MPIF-1 induces endothelial cell migration and tube formation in a three-dimensional matrigel (3D) via CCR1 receptor binding (32) . Neutralization with the anti-MPIF1
and anti-CCR1 antibodies resulted in a blockage of the MPIF1-activated invasion of HUVECs. These results indicate that MPIF-1 may play a direct role in angiogenesis.
IL-6 and MCP-3 were significantly down-regulated compared to the non decidualized hESCs.
Exogenous IL-6 has a stimulatory effect on first trimester cytotrophoblast invasion, and anti-IL-6 inhibited this effect (33) . MCP-3, also known as CCL7, is a chemotactic factor that binds to different The remarked proteins correspond to the identified gene whose differential expression was observed at both the gene expression and protein levels. 
